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Increased anglotensin II receptor binding with age in isolated rat
glomeruli. The current investigation was performed to determine wheth-
er there are changes in the renin-angiotensin system with increasing age
in rats. Experiments were performed on male Sprague-Dawley rats (50
to 165 days old). There were no changes in plasma renin activity or
angiotensin II concentrations, but the number of angiotensin II binding
sites in isolated glomeruli increased with increasing age (r = 0.87, P <
0.01). Since rat weight varies directly with age, we studied the possi-
bility that the increase in receptor number was due to changes in
glomerular morphometrics. In a separate group of experiments the
diameter of isolated glomeruli was measured, and assuming spherical
shape, glomerular volume and surface area were calculated. Glomerular
diameter increased with age and weight of the rats (r 0.99, P < 0.001).
There was a strong linear correlation between the changes in angioten-
sin II receptor number and glomerular surface area (r = 0.99, P <
0.001). The number of receptors per unit surface area was independent
of rat weight or age (1224 receptors/sm2). To test the hypothesis that
the apparent increase in glomerular angiotensin II receptor sites with
increasing age was due to the shape of the glomerulus, additional
binding studies were performed on membranes prepared from isolated
glomeruli. There were no differences in the number of angiotensin II
receptors in membranes from 63 and 112 day-old rats (888 115 vs. 925
128 fmol/mg). In additional experiments the effects of increasing age
on angiotensin modulation of renal function were studied. The infusion
of a non-pressor dose of angiotensin II (6.25 ng/kg/min) caused an
identical fall in renal blood flow and rise in filtration fraction in younger
and older rats. We conclude that the number of angiotensin II receptors
in isolated glomeruli varies with glomerular surface area. However,
renal responses to angiotensin II are unaltered with increasing age. The
apparent increase in the number of glomerular angiotensin II receptors
with advancing age is due to the three-dimensional structure of glomeruli.
Renal function declines predictably with advancing age.
There are marked reductions in glomerular filtration rate, renal
concentrating ability, and tubular function [1]. Histopathologi-
cally, the percentage of glomeruli affected with sclerotic lesions
increases with age, providing a morphological basis for the
decline in glomerular function [2, 31. Recent data suggests that
glomerular hypertension over long periods of time may be the
important pathological event leading to the inevitable decline in
renal function in patients and animals with renal disease [4, 5].
In rats with experimentally induced alterations in renal mass or
diabetes mellitus the chronic administration of an angiotensin
converting enzyme inhibitor has been shown to halt the pro-
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gression of renal insufficiency, suggesting a role for angioten-
sion II in the slow progression of renal disease [6, 7].
The first step in angiotensin action in the glomerulus involves
the binding of the hormone to specific receptor sites [8].
Glomerular angiotensin II receptors are predominantly located
on mesangial cells that constrict in response to the hormone [9,
10]. It is believed that mesangial cell contraction decreases the
surface area of the glomerulus available for filtration [11].
Angiotensin II may also change the shape of the epithelial cell
podocytes lining the slit pores that would decrease the filtering
properties of the glomerular filtration barrier. Angiotensin II
also mediates glomerular efferent arteriolar vasoconstriction
which results in increased glomerular capillary pressure.
The current investigation was performed to test the hypoth-
esis that changes in the renin-angiotensin system may contrib-
ute to the age-related decline in renal function. In these exper-
iments we studied the plasma renin-angiotensin system and
glomerular angiotensin II receptor sites in rats of various ages.
Since body weight and glomerular size increase with age,
experiments were also performed to study the contribution of
glomerular morphometrics to changes in the number of glomer-
ular angiotensin II receptors.
Methods
Male Sprague-Dawley rats, 50 to 165 days of age, were fed
standard Purina rat chow (Ralston Purina Co., Chicago, Illinois,
USA) (sodium ash content 0.42%) and given tap water to drink
ad libitum. At the time of study, rats were killed by rapid
decapitation and truncal blood was saved for hormone measure-
ments.
Isolation of glomeruli and preparation of glomerular
membranes
Bilateral nephrectomies were performed without renal artery
perfusion, and the kidneys were immediately chilled to 4°C in
phosphate buffered saline (pH 7.5). The outer cortex was
dissected and minced to a paste-like consistency and resus-
pended in buffer. Glomeruli were isolated by a modification of
sieving techniques previously described by the sequential use of
90 pm, 180 sm, 150 pm and 75 pm stacked phosphor bronze
sieves [12]. The cortical paste was pushed through the 90 pin
sieve onto the 180 sm sieve and washed through with 50 ml of
buffer. The glomeruli were retained on the 75 pm sieve. The
resulting suspension of isolated glomeruli was more than 97%
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pure as determined by light microscopy. In some experiments a
membrane fraction was prepared from isolated glomeruli [13].
In brief, isolated glomeruli were homogenized in 0.25 M sucrose
for 15 seconds using a teflon pestle, glass tissue grinder (Potter-
Elvehjem) and centrifuged at 28,000 x g for 20 minutes. The
pellet was resuspended in 1 ml of deionized water and homog-
enized for 2 seconds to lyse any remaining intact cells, the
buffer adjusted to 0.25 M sucrose and centrifuged again as
above. The resulting pellet did not contain identifiable glomeruli
and was used for binding studies (membrane fraction). The
suspension of isolated glomeruli or glomerular membranes was
adjusted to a standard amount of protein by using the method of
Lowry et al [141.
Data analysis
Data are presented as the mean standard error as the index
of dispersion. Equilibrium binding studies were analyzed by
Scatchard transformation of the data using the LIGAND pro-
gram of Munson [191. The data from rats in 50 g weight ranges
(that is, 201 to 250, 251 to 300, . . . 451 to 500.g) were analyzed
as separate groups. The t-test for unpaired samples was used to
compare differences between the groups. Where appropriate,
linear regression analysis, paired (-test and analysis of variance
were applied. The null hypothesis was rejected when the P < 0.05.
Results
Over the age range studied, plasma renin activity and plasma
angiotensin II were not changed, but the number of glomerular
angiotensin II receptor sites was increased (Figs. 1 and 2).
There was a significant correlation between age and angiotensin
Angiotensin II radioreceptor assay Renal function measurements
ular volume and surface area were calculated assuming spherical
shape by the equations:
V = 413 N [D/2]3 (1)
SA = 4 Pi [D12]2 (2)
receptor number (fmol/mg)
receptors/glomerulus = __________________________
number of glomerulilmg
6.023 X 108 receptors
fmol (3)
where V is volume, D is diameter, and SA is surface area.
Glomerular filtration rate and renal blood flow were measured
in young adult (60 3 day-old, range 58 to 68 days, N =6) and
older (188 43 day-old, range 100 to 360 days, N = 8) male
Sprague-Dawley rats. The method for clearance measurements
was modified from a previously published method [18]. In brief,
rats were anesthetized with Inactin' (100 mg/kg, i.p.) and
placed on a heated dissection table to maintain core body
temperature at 37°C. Surgical preparation included the place-
ment of a tracheostomy (PE 240 or PE 260; Clay Adams),
femoral artery and femoral vein catheters (PE 50) and bilateral
ureteral catheters (PE 10). During the surgery a constant
infusion of normal saline was delivered at 3.3 mL/hr followed by
a constant infusion at 1.20 mI/hr. At the completion of surgery,
1251-iothalamate (25 MCi) and '311-hippuran (60 MCi) were given
as a bolus (0.1 ml) followed by a constant infusion (iothalamate:
0.063 Ci/min; hippuran: 0.150 Ci/min). Blood pressure was
monitored with a Statham P23 ID transducer (Gould Instruments,
Oxnard California. USA) connected to a Grass polygraph
(Grass Instruments, Quincy, Massachusetts, USA). Thirty min-
utes later, timed urine samples were collected for three 10-
minute periods with midpoint plasma sampling (0.35 ml). After
baseline measurements were completed angiotensin II (6.25
ng/kg/min) was infused. Following 15 minutes for equilibration
three additional clearance periods were measured. Right ure-
teral and left ureteral urine and plasma samples (50 l.d) were
counted for 1251 and 1311. Glomerular filtration rate, renal blood
flow (uncorrected for extraction fraction) and filtration fraction
were calculated as the average of three collection periods.
The binding of angiotensin II to isolated glomeruli or glomer-
ular membranes from individual rats was measured as previ-
ously described with minor modifications [12, 15]. Glomeruli
were incubated with ligand to equilibrium at 22°C for 60 minutes
under continuous gentle shaking. The incubation medium (pH
7.6) consisted of, in millimolar, sodium phosphate buffer, 20;
sodium chloride, 125; magnesium chloride 5; and 1-24 ACTH,
125 g/ml and bovine serum albumin, 2.5 g/dl. The latter two
agents were added to prevent tracer degradation. Also present
in the medium were 30 g of glomerular protein, varying
amounts of '251-angiotensin 11(2200 Cilmmol, specific activity,
New England Nuclear, Boston, Massachusetts, USA) and
unlabelled angiotension 11(0.14 to 15 nM). Bound and free
radioactivity were separated by filtration through a millipore
filter (GN-6, Gelman Sciences Co., Ann Arbor, Michigan,
USA). 1251 was counted in a Packard Auto Gamma Spectrom-
eter (Packard Instrument Co., Downers Grove, Illinois, USA)
with 80% efficiency. Specific binding was calculated by sub-
tracting the binding in the presence of 106 M unlabelled
angiotensin II from the total binding. The non-specific binding
was due to the binding of '251-angiotensin II to the filter and was
generally less than 1% of total counts added. The integrity of
'251-angiotensin II during the incubation was assessed by thin
layer chromatography as previously described [121. At equilib-
rium, 82.8% of the ligand was recovered intact.
Hortnone measurements
Truncal blood was collected into heparin-coated beakers
containing 13.8 mg EDTA. Five tenths of a ml of the EDTA-
plasma was reserved for plasma renin activity measurements.
The remainder of the plasma (approximately 2.5 ml) was trans-
ferred to chilled test tubes containing 30 l.d of 5% diisopropyl-
fluorophosphate for the angiotensin radioimmunoassay. The
assays for plasma renin activity and angiotensin II have been
published in detail [16].
Glomerular rnorphometrics
Glomerular diameter was measured at 400 x magnification
using a light microscope (American Optical) fitted with a micro-
meter piece. Because glomeruli were often not circular, measure-
ment was made in the horizontal plane of the microscope's stage,
which was an arbitary function of the position of the slide. This
convention was previously validated using a metrology unit [17].
All measurements were performed on 40 glomeruli immediately
after completion of the isolation technique (30 minutes). Glomer-
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Table 1. Effects of age on glomerular protein content in rats
Glomerular
Age
days
Body wt
g
protein
content
nglglomerulus
Number of
observations
55 2 226 8 57.5 7.8 6
66 1 277 3 56.5 2.2 21
74 1 322 3 53.3 2.6 19
85 1 375 5 60.4 5.1 13
99±2 414±6 69.6±5.7 7
117 2 482 6 53.5 4.5 4
>160 526 4 54.8 3.4 3
II receptor number (r = 0.87, P < 0.01) which was defined by
the equation: y = 15.lx + 1106, where xis the age (in days) and
y is the number of angiotensin II receptor sites in intact isolated
glomeruli (fmollmg). A similar relationship existed between rat
weight and angiotensin II receptor number (r = 0.87, P < 0.01).
Glomerular protein content was 57.5 1.7 ng/glomerulus, N =
73). There were no differences in glomerular protein content
with increasing rat age or weight (Table 1). The change in
receptor number was due to an increased number of receptor
sites.
We also tested the possibility that changes in the three-di-
mensional structure of glomeruli could account for the in-
creases in receptor number. As rats increased in age and
weight, there was an associated increase in glomerular diameter
(r = 0.99, P <0.01) (Fig. 3). Since glomerular surface area and
volume increase with increasing glomerular size, we tested the
hypothesis that the apparent increase in glomerular angiotensin
II receptor sites was due to changes in glomerular morphomet-
rics. The number of angiotensin II receptor sites was compared
to glomerular radius, surface area and volume (Table 2). As
--.-
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Fig. 2. Glomerular angiotensin II receptors and the plasma renin-
angiotensin system with age. There was a linear increase in glomerular
angiotensin II receptor number in rats ranging from 50 to 120 days of
age (y = 15.lx + 1106, where xis the age in days andy is the number
of receptors in fmol/mg). There was also a strong correlation between
body weight and angiotensin II receptor number (y = 3.71x + 1060,
where x is the weight in grams and y is the number of receptors in
fmol/mg). Plasma renin activity (PRA) and plasma angiotensin II (All)
did not change with age.
shown in Figure 4, receptor number correlated best with
surface area. As body weight increased, the number of angio-
tensin II receptors per unit surface area remained constant at
1224 receptors/m2 (range: 1184 to 1256 receptors/jsm2), where-
as the receptor number varied per unit length or volume (Fig.
4).
In another series of experiments the influence of glomerular
size and shape on angiotensin II binding was studied by
performing binding studies on membranes prepared from iso-
lated glomeruli (Table 3). There were no differences in the
number of glomerular angiotensin II receptor sites in mem-
branes prepared from 63 and 121 day-old rats.
Clearance studies were performed to test the effects of age on
angiotensin II action in the kidney. Mean arterial pressure was
109 5 mm Hg in the 60 day-old and 113 4 mm Hg in the 188
day-old rats (P = NS). Similarly, there were no differences in
glomerular filtration rate (young vs. old, 0.73 0.03 vs. 0.65
0.25
0.20
0.15
C
0
0.05
0 3000 3500
Bound angiotensin II
fmoumg
Fig. 1. Scatchard plots of '251-angiotensin II binding in isolated
glomeruli from a 9 week-old (U) and 15 week-old rats (•). Equilibrium
binding studies were performed at 60 minutes at 22°C as previously
described [9]. There were no differences in receptor affinity with age (9
week-old rat, Kd = 2.17nM; 15 week-old rat, Kd = 2.19 nM). There was
a significant increase in the number of glomerular angiotensin II
receptors per mg glomerular protein in older rats (9 week-old rat, R0 =
1991 fmol/mg; 15 week-old rat, R0 = 3212 fmollmg).
500 1000 1500 2000 2500
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Table 2. Relationship between body weight, angiotensin II (A!!) receptors and morphometrics in isolated rat glomeruli
A!!
Rat
weight
g
receptor
densitya
fmol/rng
All receptorsb
per glomerulus
x 106
Radius
rsm
S
)<
urface
areac
10 p.m2
Volumed
x 106 p.m3
200 1802 62.4 62:9 49.7 1.04
250 1988 68.9 66.2 55.0 1.21
300 2173 75,3 69.4 60.5 1.40
350 2359 81.7 72.7 66.3 1.61
400 2544 88.1 75.9 72.4 1.83
450 2730 94.5 79.2 78.7 2.08
500 2915 101.0 82.4 85.3 2.34
a Calculated from the regression shown in Figure 2
b Calculated from equation 3 (Methods)
Calculated from equation 2 (Methods)d Calculated from equation 1 (Methods)
Body weight, g
Fig. 3. Relationship between body weight and glomerular diameter in
normal male Sprague-Dawley rats. As rat weight increased, there was
a linear increase in glomerular diameter. The relationship was defined
by the equation: y = 0.13x + 99.8, where x is the weight in grams and
y is the glomerular diameter in microns.
200 300 400 500
Body weight, g
Fig. 4. Relationship between surface area and angiotensin II receptor
number in isolated glomeruli. Glomerular surface area was calculated
from the equation defined in Figure 3 using 50 g increments in rat weight
(200—500 g). Using the same rat weights, the number of glomerular
angiotensin II receptors was calculated from the equation defined in
Figure 2. There was a strong correlation between glomerular surface
area and glomerular angiotensin II receptor number (r = 0.999, P <
0.001).
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0.04 mllmin/100 g body wt), renal blood flow (1.93 0.06 vs.
1.85 0.13 rnl/minl!00 g body wt) or filtration fraction (0.36
0.01 vs. 0.38 0.02). Angiotensin II was without effect on mean
arterial pressure or glomerular filtration rate in either group
(Fig. 5). However, angiotensin II caused an equal reduction in
renal blood flow in young adult (1.69 0.04 mL/min/100 g body
wt) and older rats (1.63 0.07 ml/minhlOO g body wt). Similarly,
filtration fraction was increased equally in the young adult (0.41
0.01) and older rats (0.42 0.03).
Discussion
The current investigation was performed to determine
whether there are changes in the renin-angiotensin system with
increasing age in rats. Multiple lines of evidence have demon-
strated that important changes in the kidney occur with advanc-
I I
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ing age which could be related, at least in part, to changes in the
activity of the renin-angiotensin system. The loss of renal
function with advancing age is associated with a rising inci-
dence in the number of sclerotic glomeruli in both man and in
experimental animals [2, 3]. The lesions of focal sclerosis which
can be induced in young rats with renal ablation or diabetes can
be prevented by angiotensin converting enzyme inhibitors [1, 4,
6, 20]. Therefore, glomerular sclerosis may be related to pres-
sure injury mediated in part by angiotensin. We, therefore,
studied the renin-angiotensin system with increasing age in rats.
Angiotensin II receptor sites are known to be increased with
advancing age in human platelets, suggesting that a generalized
increase in these receptor sites may occur in aging membranes
[21]. Changes have already been found in glomerular basement
membranes with advancing age in man [22] which could con-
tribute to alterations in the properties of hormone receptors. It
is also known that glomerular responsiveness to angiotensin II
varies directly with the number of specific binding sites [13].
In this study, we demonstrated in intact isolated glomeruli
that there is an age-related increase in the number of glomerular
angiotensin II receptors in adult rats. An increase in receptor
number could occur by either increases in the number of
receptor sites or by a decrease in the protein content of
glomeruli (or both). The protein content of isolated glomeruli
did not change with age. Therefore, the increase in receptor
number was due to a true increase in the number of measured
receptor sites.
An important physiological mechanism for modulating angio-
tensin II receptor sites is homologous regulation by plasma
angiotensin II [12]. Although there are reports of plasma renin
activity falling with increasing age in man [23] plasma renin
activity and angiotensin II levels in rats did not change with
increasing age over the range of ages studied. Therefore, the
All Fig. 5. The effects of angiotensin II on renal function in
young adult (•, 60 3 day-old) and older (0, 188 43
day-old) rats. Following the determination of renal
function during a control period (C), a non-pressor dose
of angiotensin 11(6.25 ng/kglmin) was infused and renal
function re-measured (All). Angiotensin II was without
effect on mean arterial pressure (MAP) or glomerular
filtration rate (GFR). Angiotensin II caused an equal
and significant reduction (P < 0.01) in renal blood flow
(RBF) in the young adult and older rats compared with
the respective control periods. Filtration fraction was
equally increased (P < 0.01) in the young adult and
older rats compared with the respective control periods.
There were no differences between young adult and
older rats in baseline renal function or in angiotensin
Il-induced changes in renal blood flow or filtration
All fraction. *D < 0.01, All vs. control.
Group
Rat age
days
Body wt
g
KA
x 1O' R0fmol/mg
Group I 63 4
(14)
262 21
(14)
1.11 0.12
(6)
888 115
(6)
Group II 121 10"
(7)
490 33"
(7)
0.85 0.06
(6)
925 128
(6)
increase in angiotensin receptor number with age was not due to
homologous regulation of the receptor sites.
We next addressed the possibility that there were changes in
the three-dimensional structure of glomeruli which could affect
angiotensin II binding. Assuming a spherical shape, glomerular
radius, surface area and volume were calculated. There was a
strong linear correlation between glomerular surface area and
angiotensin II receptor number in intact isolated glomeruli (r =
0.99, P <0.01). The number of receptor sites per unit surface
area was constant with increasing age and body weight. When
the three-dimensional structure of glomeruli was disrupted by
homogenization and a membrane fraction studied, the differ-
ences in angiotensin II receptor binding with increasing age
were abolished. It is possible that disruption of glomeruli
unmasked internalized receptor sites which equalized the num-
ber of receptors in younger and older rats. However, this
possibility is unlikely since internalized receptor sites are
generally located on small particles which would not be recov-
ered at the low sedimentation rates used in these experiments.
Since the density of angiotensin II receptors varied with gb-
merular surface area in intact glomeruli and the density of
receptors was unaltered by age in membrane preparations, we
compared the effects of angiotensin on renal function in young
120 — 0.8 —
110 — _____________
100
I I
C All
. .
*
U-
*
C
2.0
1.8
1.6
0.7 —
0.6
I—
0.43 —
0.39 —
0.35
1
E
1,1 I
*
*
C All
L
C
Table 3. Angiotensin II binding to gbomerular membranes
a R0 is receptor densityb P < 0.001 Group I vs. Group II
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adult and older rats. In experiments performed in vivo a
non-pressor dose of angiotensin II was without effect on gb-
merular filtration rate in groups of young adult or older rats.
Angiotensin II caused an equal reduction in renal blood flow
and an equal increase in filtration fraction in young adult and
older rats, an observation consistent with the angiotensin
receptor measurements in the disrupted membrane prepara-
tions.
The location of glomerular angiotensin II receptor sites has
been studied by autoradiography [9]. When radiolabeled angio-
tensin II was infused into the kidneys of rats followed by
autoradiography, silver particles were found overlying mesan-
gial cells. Other studies using ligand binding techniques have
found evidence for angiotensin II receptor sites on mesangial
cells in culture [24, 25] and on isolated gbomerular basement
membranes, although contamination from other cellular ele-
ments could not be excluded [25]. There is also evidence that
glomerular epithelial cells in culture have angiotensin II recep-
tors since these cells respond to angiotensin II by increased
prostaglandin production [26].
The correlation between glomerular surface area and angio-
tensin II receptor number in isolated glomeruli was not antici-
pated from previous studies. When angiotensin II was intro-
duced into the lumen of the glomerular capillary (following
intravascular injections), specific receptor sites were found to
be distributed throughout the mesangial areas [9]. Binding
studies in isolated glomeruli would favor binding to the surface
of glomeruli since the glomeruli are suspended in the ligand and
the unperfused capillary lumens are collapsed. There are no
hydrostatic or oncotic forces to favor penetration of the ligand
into the glomerulus. Therefore, when angiotensin II reaches
equilibrium with its receptor sites in isolated glomeruli, it is
likely that only the surface receptor sites are measured. This is
in contrast with the measurement of glomerular protein concen-
tration which under the conditions of the Lowry measurement
(basic pH) resulted in a uniform amount of protein measured for
each glomerulus. The data also indicate that experiments inves-
tigating the number of glomerular angiotensin II receptor sites
may be best performed on glomeruli of the same size or on
glomerular membranes which would eliminate the potential
variable of surface area. The preparation of membrane frac-
tions, however, results in fewer receptor sites due to loss of
binding sites during the homogenization steps (unpublished
observations).
We conclude that there was an increase in the number of
angiotensin II receptor sites with increasing age in intact
isolated glomeruli. The change in receptor number was due to
the three-dimensional structure of gbomeruli and correlated
strongly with glomerular surface area. When the three-dimen-
sional structure of glomeruli was disrupted, there were no
detectable age-related changes in angiotensin II receptors.
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